A new ultrasonic scanning system has been developed which is capable of accurate velocity measurements with high spatial resolution. This performance is achieved while using relatively low frequencies to minimize the cost of the instrument. A waveguide detector is used in place of the normal focused uhrasonie transducer. The waveguide receiver makes it possible to provide the needed spatial resolution without limitations imposed by the finite aperture of the transducer. An increase in the complexity of the signal processing required and reduced throughput of the instrument results from this approach. However, these disadvantages are amply compensated by the ability to investigate materials with high attenuation and low wave velocities. These measurements are not possible with traditional acoustic microscopes.
INTRODUCTION
A new ultrasonic scanning system has been developed which is capable of accurate velocity measurements with high spatial resolution. This performance is achieved while using relatively low frequencies to minimize the cost of the instrument. A waveguide detector is used in place of the normal focused uhrasonie transducer. The waveguide receiver makes it possible to provide the needed spatial resolution without limitations imposed by the finite aperture of the transducer. An increase in the complexity of the signal processing required and reduced throughput of the instrument results from this approach. However, these disadvantages are amply compensated by the ability to investigate materials with high attenuation and low wave velocities. These measurements are not possible with traditional acoustic microscopes.
Initial performance of the new instrument is demonstrated using thin samples to show the spatial resolution and the highly accurate time delay measurements which are possible. The new approach is particularly well suited to the inspection of low density materials such as nano-crystalline materials and bone, for which no other method of obtaining velocity scans is currently available. One application is shown to demonstrate the capabilities of the instrument: imaging ofthin ( <1 001.1m) slices of horse bones which demonstrate subchondral sclerosis. Comparison of these images with micro-radiographs of the bone samples will facilitate the characterization of this material.
MOTIVATION
The motivation for this approach to acoustic microscopy developed from inspection needs in the biomedical and materials research areas. A low cost and flexible method of acoustic testing ofthin samples was required to evaluate variation in density or changes in the modulus of specimens. Low frequency inspection techniques were attractive due to cost considerations. Signal processing techniques which were developed for related applications make these measurements possihle. The success of the developed instrument will depend on the ability to produce results which are useful for basic research in darnage mechanics of bone and sample evaluation in material science. An initial application of this technique was the evaluation ofnano-crystalline sarnples [1] . No other technique was available which allowed modulus measurements to be made with the required precision for sarnples of the thickness considered in that work ( <500 Jlm). The current application in biomedical research has similar constraints. lt has been hypothesized that a change in modulus may be associated with the development of micro-cracking in horse bones. As in the application to materials research, methods for performing these measurements in thin sarnples are crucial to the success of this application. However the separation of the effect of density changes from changes in modulus is difficult as in most wave speed measurements.
For a number of applications associated with biomedical research in humans the use of acoustic microscopy is weil estahlished. Acoustic microscopy has heen used for the detection of osteoporosis which is associated with aging and bone brittleness [2] . Another current topic of research is the investigation of bone characteristics which are associated with high levels of physical activity, or overload arthrosis. In particular, the articulating surfaces of bone undergo wear processes in the areas of high contact stress. Unique to a biological system, these wear sites show adaptation and growth in response to the darnage. The growth process of the bone in these areas is referred to as hone remodeling and results in unique material properties. In micro-radiographs the increased vascular activity in these areas is clearly apparent. Unfortunately, the material in these areas of bone remodeling result in sites at which bone fracture initiation is common. The area which is under current investigation is the proximal sesarnoid hone of the fetlockjoint of horses (Figure 1 ). Debilitating fractures in this area may be associated with over exercising of the animals. Methods are needed to reduce the impact of training and to identify patients who are prone to fracture. Basic research on the mechanisms of the fracture process must take place in addition to the development of a method to characterize darnage which may exist prior to f. +1H\li---THIAO METATARSAL SECTlON OFTHE UMB BEL THE KNEE Figure 1 . Bone structure in lower portion of horse leg.
fracture. The development of an acoustic microscope which is suitable for this application addresses the latter need.
It has been hypothesized that changes in the elastic modulus may be a pre-cursor to fatigue induced micro-damage. The modulus change results from either bone darnage or the remodeling process and may precede development of micro-cracking. The process may progress with bone remodeling of a damaged area resulting in more brittle material which in turn is susceptible to fracture. To test this hypothesis a method was required to evaluate the degree of modulus change present in bone slices from animals who would be expected to have a high, medium and low potential for the bone embrittlement which is characteristic of this condition.
SYSTEM CHARACTERISTICS
Several aspects of the developed system are unique compared to commercial acoustic microscopes. Most importantly the instrument is able to make accurate velocity measurements in low density materials without significant sacrifices in spatial resolution. The use of low frequencies makes penetration of high attenuation materials possible while also reducing system cost. lnitially, the system has been used in transmission mode, although the capability for single sided measurements also exists. Interestingly, the system uses a scanning configuration which is similar to one of the first acoustic microscopes developed [3] . Lemons and Quate used a similar through transmission configuration (see Figure 2 ) although continuous acoustic waves were employed. The current system design makes it possible to perform high accuracy time delay measurements in these thin samples by using digital processing of the received signals. A focused transmitting transducer is used to increase the signal to noise ratio. The most important difference from other acoustic microscopes is the use of a waveguide detector for the receiver. The waveguide detector makes increased spatial resolution possible compared to a standard focused receiving transducer.
The waveguide probe overcomes two limitations imposed by traditional focused receiving transducers. First, the spatial resolution of the system is not defined by the operating frequency of the transducer. Second, both impedance and velocity scans of high attenuation materials are possible using the lower frequencies possible with the waveguide detector. In previous systems, the finite aperture of the acoustic lens has made it difficult to obtain the required high spatial resolution without the use of high frequency system designs. Thus high spatial resolution is tied to the use of high frequencies which requires costly analog electronics for transducer excitation and receiving and for signal processing of the received signal. To contain costs, spatial resolution of acoustic microscopes is often sacrificed to allow lower frequency systems to be used. The use of high frequency ultrasonics also imposes restrictions on the type of materials which may be evaluated. At higher frequencies, the evaluation of a material is limited to a single polished surface for which an acoustic impedance or velocity map is obtained. This is well suited to the evaluation ofthin films and coatings, and less well suited to the evaluation of bulk properties of samples. The thickness limitation associated with high frequency inspection is not significant for the current applications to thin slices of bone. However, typical methods of obtaining velocity scans are limited in their ability to evaluate some high attenuation or low velocity materials such as the bone samples. In a modern high resolution acoustic microscope, velocity scans are performed using surface wave interference methods such as the V(z) curve. materialssuch as bone. In particular, V(z) measurements are difficult for materials which have a wave speed near that of water and which have high material attenuation. Both bone and the nano-crystalline materials described above have these properties. Briggs describes the situation with a bone sample V(z) curve as being "foolhardy to attempt to make an accurate measurement from such a mediocre V(z) curve" [4] .
In spite of the difficulty making V(z) measurements in a material such as bone, it is critical that both velocity and impedance information be available from the scanning system. An approach which is simpler than the V(z) curve is taken in the current system which is suitable for bulk samples (such as bone and nano-crystalline materials) for which through transmission measurements may be made. This approach mak:es it possible to obtain velocity and amplitude scans as in any other simple through transmission scanning system. The received signal is digitized with significant oversampling. Velocity results depend on the use of the cross-correlation of the received signal to obtain the required time resolution. A significant throughput penalty results from the need to acquire each of the a-scans for offline processing of the signals, however. The signal processing is also computationally costly. As a result, a design compromise has been made in which the cost and performance objectives are met with low throughput that is primarily suitable for laboratory imaging applications. This lower throughput facilitates higher accuracy of velocity measurements for those cases in which an acceptable V(z) curve cannot be obtained.
An additional feature of the current system is flexibility for different configurations. In addition to the through transmission configuration shown in Figure 2 , single sided and other configurations are possible with particular application to surface wave inspection methods which have more in common with V(z) curve analysis.
As described in the motivation for the project above, a critical design objective of the system is the ability to measure time delays which result from very thin samples. This has introduced the primary limitation into the system --the need to acquire the full a-scan for each of the received signals. In addition the sampling rate of the signal must be sufficiently high to allow the small time delay tobe measured [5] . In the data shown below, the sampling rate of the received signal is 1 GigaSampie per second. For the required velocity resolution, this is a minimal acceptable sampling rate for the system. More distinct separation of the time de1ay variation wou1d be possib1e with a higher sarnpling rate. The provision of higher sampling rates for the system is currently being evaluated for the system.
APPROACH
Design of the system has made use of two key aspects to meet the design objectives. A waveguide detector is used instead of the usual focused transducer to provide the needed spatial resolution without limitations imposed on the focal spot size by the finite aperture of the lens. Digital signal processing then provides the required time resolution needed to obtain information on ve1ocity variation in thin samples. The complexity of the signal introduced by the detection using a suitab1e waveguide does not introduce further need for signal processing. The cross-correlation algorithm, which is required to obtain the accurate time delay measurements, is also capable of processing the waveguide signals with only minor modifications.
Waveguide Sensors
The primary advantages of the waveguide detector stem from the ability to use low frequencies to obtain high spatial resolution. The 1ow frequencies used also reduce the cost of the system and make it possible to penetrate high attenuation materials. The primary disadvantages are the introduction of additional signal complexity due to dispersion and, potentially, the propagation ofmultiple waveguide modes. lt is possib1e for a waveguide detector to be sufficiently thin to propagate a single mode which shows limited dispersion (less than 1/10 of the acoustic wavelength). However, for such a thin waveguide the energy which can propagate is 1imited which in turn reduces the signal to noise performance of the system. Initial trials of the system have used a waveguide which propagates a single dispersive mode. Regardless of the thickness of the receiving waveguide the ve1ocity of the bar mode must be significantly greater than that of the surrounding medium so that the received signal is separated in time from the signal which passes through the water path. The waveguide used for evaluation of the horse bone specimens uses a stepped configuration shown in Figure 2 . For the 10 MHz. central frequency of the transducers the mild dispersion of the signal in the waveguide can be seen in Figure 3 .
Digital Signal Processing
Key to the design of the new imaging system is the use of the cross-corre1ation to obtain the time de1ay of the received signal. The use of the cross-corre1ation is required because of the signal comp1exity and the need for a highly accurate delay time measurement. The accuracy of the time delay which may be obtained for an u1trasonic signal is only dependent on the sampling rate of the signal given a sufficiently high signal to noise ratio [5] . The use ofthe simple cross-correlation is sufficient for signal processing ifthe dispersion between signals remains relative1y constant. This is the case when the waveguide sensor is the primary source of dispersion in the received signal. However, ifthe material shows significant dispersion, or the geometry of the sample results in dispersion, then further pre-processing of the signal is required. A combined wavelet decomposition and cross-corre1ation algorithm is suitable for the cases in which dispersion varies between scanning locations [ 6] .
The developed system uses a 1 GigaSampie per second data acquisition rate which corresponds to a time de1ay accuracy of 1 nanosecond. The time de1ay between signals is 
o.oeo 2.0e-7 4.0e-7 6.0e-7 S.Oe-7 1.0e-6 Figure 3 . UHrasonie signal transmitted through sample and received by waveguide probe.
simply the location in time of the peak of the cross-correlation. Relative delays of the other signals are determined in relation to a single reference signal. The reference signal must have a known velocity if an absolute value is to be obtained. If the signals show significant dispersion relative to the reference signal, then the delay is the average group velocity for the signal. The wavelet filter method or a similar approach is then required to obtain the phase velocity of the signal. For quantitative information on the velocity to be obtained, a known reference signal such as a temperature controlled water bath can be used. The relative time delay obtained from the cross-correlation is then related to the distances and the wave speeds of the materials by:
where the modulus of the material may then in turn be estimated as:
where the density p and Poisson's ratio v are assumed tobe known and to have minimal variationrelative to the wave speed. lt is important to note that in this estimate the velocity term (CL) issquared which in turn increases the sensitivity to error in the velocity measurements. Thus by accurately determining the velocity (or the time delay and the thickness of the sample) a reasonable estimate of the modulus is possible in spite of error in the density and Poisson' s ratio.
EXAMPLE SCANS FROM SYSTEM
Results from scans using the system have shown promise. In particular characteristics of the initial samples of horse hone sllces appear to indicate a sensitivity to material properties which arenot obviously related to changes in hone density. The high and low hone density areas are mostevident in the micro-radiograph, however ultrasonic attenuation, and to a lesser extent velocity, also show significant sensitivity to the bone density. Differences in the measured parameters between the ultrasonic velocity and the micro-radiograph indicate areas may exist where a change in wave speed results from a change in modulus rather than a change in density. Figure 4 , Figure 5 and Figure 6 show micro-radiographs, velocity and amplitude c-scans respectively of the lower articulating surface of the proximal sesamoid bone of the fetlock joint which can be identified in Figure  1 . The lower left portion of the figures is an area of bone remodeling. The characteristic vascular activity is evident in the micro-radiograph. However the contours of the velocity scan are clearly different in shape from the low and high density areas seen in the micro-radiograph. As such it is apparent that factors other than the bone density contribute to the change in modulus (reflected in the change in wave velocity). The amplitude c-scan appears to be quite similar in shape to the micro-radiograph however with lower resolution. 
FUTUREWORK
Methods similar to that presented have potential for clinical applications as weil if these material changes are determined to be a darnage precursor. However prior to any work on clinical applications it is critical that an understanding of the mechanisms of darnage be understood. Thus the high priority for future work is development of a method to overlay the velocity data onto the micro-radiograph to allow differences in density and modulus to be understood in a qualitative manner. This will then provide a basis for the development of a correlation between observed differences in the modulus and the existence of microcracking which is characteristic to the failures of interest.
